Recent measurements from six bottom-mounted gauges are used with numerical model results to study the exchange of water between the Indonesian seas and the Indian Ocean via the Lesser Sunda Islands known collectively as Nusa Tengarra. The observations are approximately three years in length, from late 1995 to early 1999, and include measurements of bottom pressure, temperature, and salinity. The locations of the gauges are at the boundaries of three straits connecting the southern Indonesian seas with the eastern Indian Ocean: the Lombok Strait, the Ombai Strait, and the Timor Passage. The magnitude of intraseasonal variations in the pressure data dominates over that of the seasonal cycle. Intraseasonal variability appears most frequently and largest in magnitude at the westernmost strait (Lombok) and decreases along the coastline to the Timor Passage. Comparison to wind data shows these intraseasonal variations to be due to Kelvin wave activity in the Indian Ocean, forced by two distinct wind variations: semiannual monsoon reversals and Madden-Julian oscillation (MJO) activity. Sea level variations from both forcing mechanisms are then adjusted by local, alongshore winds. Longer-duration model results show the observation period (1996 through early 1999) to be a time of increased ENSO-related interannual variability and of suppressed annual cycle. MJO activity is also increased during this time. These factors explain the dominance of the higher frequency signals in the pressure data and the relative lack of a distinct annual cycle. An optimal fit of model sea level variations to model through-strait transport variations is used to estimate transport variability from the observed pressure records. At each strait the optimal fit is consistent with a cross-strait geostrophic balance for transport variations in the upper 250 m.
Introduction
For a variety of reasons, estimates of Pacific to Indian Ocean exchange, particularly at the outflow straits in Nusa Tengarra, is very challenging. Aside from the Shallow Pressure Gauge Array (SPGA) program that was responsible for the data used in the present study and a repeat XBT line from Australia to Java (Meyers et al. 1995) , there are few long term observations in the * School of Ocean and Earth Science and Technology Publication 5956 and International Pacific Research Center Publication 129.
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region. One previous measurement was made in the Lombok Strait (Murray and Arief 1988 ) using current meters deployed for one year. Similar observations were made for one year in the Ombai Strait (Molcard et al. 2001 ) and for two other years in the Timor Passage (Molcard et al. 1994 (Molcard et al. , 1996 . Several hydrographic surveys were made as part of the Java Australia Dynamics Experiment (JADE) and World Ocean Circulation Experiment (WOCE) programs as well, but these provide only single time measurements. A complete review of measurements is given in Lukas et al. (1996) . More recently, bottom mounted gauges that measure pressure, temperature, and salinity were placed at nine locations in Nusa Tengarra (see Fig. 1 ) to study the exchange of water between the Indonesian seas and the Indian Ocean (via the geostrophic relationship between cross-strait sea level differences and shallow flow). The gauges were initially deployed in December of 1995, and the data records terminate in early 1999. These observations now provide more than three years of continuous measurements in the region. Tides were removed using a least squared fit of 15 harmonics, and long-term changes due to anchor settling were identified and removed. Data processing and preliminary presentation of the first two years of data is given in Chong et al. (2000) . Further analysis, including leveling the pressure variations with acoustic Doppler current profiler (ADCP) data taken during cross-strait transects is reported in Hautala et al. (2001) . Here, the pressure signals at the three main outflow straits (Lombok, Ombai, and Timor) are examined in greater detail.
Wind data from the European Centre for MediumRange Forecasts (ECMWF) along with numerical model results are used to address the following questions. First, what are the pressure variations at the outflow straits and how do they compare to each other? What forcing mechanisms are responsible for the measured pressure variations? Are the variations during the observed period (1996 through 1998) typical of longer term variations? Finally, what inferences can be made to transport? Implications for heat and freshwater budgets is a key issue but will be addressed in a subsequent study.
In the following section, pressure data from Lombok Strait, Ombai Strait, and Timor Passage are presented and described. Next, the pressure data are analyzed in comparison with ECMWF wind stress. Finally, an estimation of transport variations is made using the observed pressure. It is difficult to get absolute transport from the pressure data alone. Hautala et al. (2001) use a geostrophic approximation and ADCP data to level the cross-strait pressure gradient. Here, results from a large-scale, 2½-layer reduced gravity model with realistic coastlines are used to determine a relationship between sea level variations (that are observed) and variations in through-strait transport. This relationship is then applied to the observed pressure signal to provide estimates of transport variability based on the observations.
Outflow observations
Gauges at Bali and Lombok measure flow in the Lombok Strait that connects the Java Sea to the Indian Ocean. The strait is very narrow, and the gauges are located to the north (upstream) of a 225-m sill [from Smith and Sandwell (1997) ; see Fig. 2 ]. The mean depth across the strait between the two gauges is 700 m.
The center passage is Ombai Strait between Timor (South Ombai gauge) and Alor (North Ombai gauge) Islands. This strait is the deepest of the three, reaching a maximum of 2700 m between the two gauges, although to the north there is a sill of about 1900 m. Water passing from the Banda Sea between the two gauges comes from either west or south of Wetar, an island that lies to the east of Alor.
The southernmost observed strait is Timor Passage, measured by gauges at Roti Island (southwest of Timor)
The three principle outflow straits are shown in the left panels. Approximate pressure gauge locations are indicated by asterisks. Bathymetry along a section between the two gauges at each strait (from Smith and Sandwell 1997) is shown in the right panels. Three-day surface wind stress from ECMWF at two locations are given: zonal mean in the central Indian Ocean (3ЊS to 3ЊN, 60Њ to 80ЊE) with the dashed line and zonal mean along the south shore of Java with shading. For each, positive values indicate downwelling favorable, westerly winds. Each was fit with a 60-day running-mean filter, given by the heavy dashed line for the equatorial winds and the heavy solid line for the S. Java winds.
and Ashmore Reef (northwestern reef of Australia). This passage is broad, about 136 km, but very shallow on both sides. The maximum depth between the two gauges is about 1700 m. The present analysis is limited to the flow between the shelf and Timor, but there could be flow on the shallow Australian shelf (e.g., Cresswell et al. 1993) to the south of the Ashmore gauge that cannot be addressed here.
The precise locations of the gauges are given in Table  1 . The South Ombai and Ashmore gauges were not recovered in 1999, so there are no data at these sites for early 1998 to early 1999.
Pressure variations at the straits can be caused by a variety of mechanisms including thermodynamic effects, tides, and wind. For this study only the direct, wind-driven effect will be considered (tides were removed from the pressure data as described in . Both local (alongshore) and remote (Pacific and Indian Oceans) winds can have an affect on sea level (and therefore bottom pressure) along the coast.
Local alongshore wind stress along the southern coast of the archipelago drives Ekman flow perpendicular to the shoreline that leads to changes in sea level. During April through October, winds along the southern coast of the archipelago are generally to the west (Fig. 3) , and the resulting offshore Ekman flow creates coastal upwelling. During the rest of the year the winds are toward the east, and Ekman flow creates downwelling along the southern coasts of Nusa Tengarra.
Remote winds from both Pacific and Indian Oceans can also contribute to observed pressure variations in the outflow straits. Winds in the Pacific drive large-scale circulation that could force low-frequency changes in flow through the outflow straits (e.g., Godfrey 1989) , and local sea level would adjust geostrophically. Low frequency changes in Pacific winds may also modulate the pressure head between the Pacific and Indian Oceans (Wyrtki 1987 ) that would also cause low-frequency flow variability in the straits.
Winds in the Indian Ocean can affect sea level along the archipelago via the generation of coastal Kelvin waves. These coastal Kelvin waves can arise when equatorial Kelvin waves, forced by winds in the central Indian Ocean, impinge on the west coast of Sumatra, or they can be forced by local winds along the west coast of Sumatra. There are two main frequencies associated with the near-equatorial winds that give rise to Kelvin waves in the Indian Ocean. Intraseasonal atmospheric oscillations, so-called Madden-Julian oscillations (MJO) (Madden and Julian 1972) , are characterized by westerly anomalies in the surface winds near the equator throughout the Indian Ocean and appear as high frequency (30 to 50 day) bursts in the alongshore winds off south Java, for example, December-February 1996/97 (Fig. 3) . Semiannual variations in westerly winds occur in the central equatorial Indian during the monsoon transition (Fig. 3) , roughly in May and November.
The coastal Kelvin waves formed by these wind variations propagate eastward along the southern coast of the archipelago and pass the outflow straits. The gaps in the coastline are sufficiently small (less than the first mode Rossby radius of 130 km) so that the signal can theoretically propagate to Ombai Strait before having to turn north and then west (the gap at Timor Passage is larger than 130 km). These waves, then, play a role in adjusting sea level at the outflow straits. Coastal Kelvin waves also affect the seasonally reversing South Java Current (SJC) that generally flows eastward in response to the downwelling waves (Quadfasel and Cresswell 1992; Sprintall et al. 1999) .
In summary, the causes of wind-driven variations in sea level (and therefore variations in the observed bottom pressure) can be local (alongshore) or remote. Remote Pacific winds, through resulting equatorial Rossby and coastal Kelvin waves (Potemra 1999) , can lead to low frequency variations in sea level in the Indian Ocean, while remote Indian Ocean winds cause semiannual and higher frequency changes. Further, the effects from the various wind forcing interact with each other within the archipelago. For example, local winds are upwelling favorable along south Java during the southeast monsoon (April-October), and downwelling from semiannual Kelvin waves generated in the equatorial Indian Ocean is diminished at this time. During the northwest monsoon (November-March) downwelling favorable alongshore winds would enhance the remotely forced downwelling Kelvin waves. In the following section, the observed pressure signal at each strait will be presented and variations will be related to the wind field.
a. Lombok Strait
Aside from the present study, there is only one previous observational effort made in Lombok Strait. Five moorings (currents measured at 35 m, 75 m, 300 m, and 800 m) were deployed for one year during 1985 (Murray and Arief 1988) . The estimated seasonal cycle in 1985 was a broad minimum of 1 Sv (Sv ϵ 10 6 m 3 s Ϫ1 ) from February through May, and a maximum of 4 Sv in July through September (long-term mean of about 2 Sv). Most of the estimated transport (80%) was confined to the upper 200 m (Murray and Arief 1988) . The measured flow was predominantly southward, and discrete occasions of flow reversal (observed in February, March, and April) may be related to downwelling coastal Kelvin waves that would act to increase the cross-strait pressure gradient by raising sea level on the western side of the strait. Arief and Murray (1996) also deployed pressure gauges in Lombok Strait and suggested that they indicated only a tendency toward geostrophic balance in this strait. However, their results are based on short timescales, as only four months of data were recovered for the mooring on the western side of the strait. In general, sea level in the strait was observed to match the flow; during times of intense southward flow, sea level dropped and, when flow reversed to the north, sea level rose.
The SPGA observed pressure record, long-term mean removed, at Lombok Strait is given in Fig. 4 . The signal at Bali (dashed line), on the western side of the strait, dominates the cross-strait gradient, consistent with intensification of flow on the Bali side in ADCP sections. The cross-strait pressure gradient correlates at 0.87 to the pressure variations at Bali, but it is not significantly correlated to Lombok (r ϭ 0.26). There is a correlation (r) of 0.70 between pressure variations at Bali and those at Lombok (for the measured time period). Most of the energy is in variations of monthly and longer timescales (see spectra in Fig. 5 ), which limits the degrees of freedom in the signal, but a correlation of r ϭ 0.7 is significant at the 90% level.
Variations in the pressure gradient (long-term mean removed from each pressure record) gives a measure of variations in the surface geostrophic flow through the strait, and Fig. 4 suggests maximum southward flow through Lombok Strait in June-October. Interestingly, when sea level is lower than average, the cross-strait gradient in sea level is also lower than average (see Fig.  4 ). This could explain why Murray and Arief (1988) found a correlation between flow through the strait and sea level variations at their Bali site [since the crossstrait gradient is correlated to the variations at the Bali side and the Murray and Arief (1988) pressure data was predominantly from the Bali side].
To investigate the effects of local and remote forcing on pressure variations at Lombok Strait, correlations were made between zonal ECMWF wind stress and the observed pressure signals at Bali and Lombok (see Fig.  6 ). At zero lag (upper panels of Fig. 6 ), the highest correlations are with zonal wind off Sumatra. The correlation to pressure at Bali is larger than the correlation to Lombok, and neither one is significantly correlated to local winds off south Java.
The highest correlation of pressure at both sides of Lombok Strait with equatorial wind in the Pacific occurs at a 120 day lag (lower panels of Fig. 6 ). This is consistent with Potemra (1999) , where it was shown numerically that equatorial Rossby waves generated in the eastern equatorial Pacific would affect throughflow variability as they generate poleward propagating coastal Kelvin waves along the eastern side of the Indonesian seas. A first baroclinic mode equatorial Rossby wave, generated at 140ЊW, would take about 120 days to reach the Indonesian seas.
Variability from remote Indian Ocean forcing would take less time to reach the outflow straits due to the relatively fast phase speed of Kelvin waves. If winds at 70ЊE generate first mode Kelvin waves with an ap-
Power spectral density (variance preserving) is shown for each strait: the upper panel is for Lombok Strait, the center panel is for Ombai Strait, and the lower panel is for Timor Passage. The dashed lines are the pressure at the northern or western side (Bali, North Ombai, and Roti) and the dotted lines are the pressure at the southern or eastern side (Lombok, South Ombai, and Ashmore). The solid lines are the power spectra of the cross-strait pressure gradients at each site.
proximate phase speed of 2.8 m s Ϫ1 , the waves would take approximately 15 days to reach Sumatra and another 9 days to reach the Lombok Strait. Consistent with this, the region of highest correlation between pressure at Lombok Strait and wind stress at a 24 day lag (wind stress leads pressure variations) occurs in the equatorial Indian Ocean (center panels of Fig. 6) .
A substantial part of the variability in the pressure data occurs on intraseasonal timescales (Fig. 4) , and it is hypothesized that these intraseasonal variations are the result of Kelvin waves forced remotely in the Indian Ocean. Semiannual monsoon wind changes and 30 to 50 day MJO activity are two such forcing mechanisms. Similar to the modeling work of Qiu et al. (1999) , there are spectral peaks in the Bali and Lombok pressure signals at 50 and 75 days (Fig. 5 ). There are no such peaks in the local wind stress but are in the equatorial winds in the Indian Ocean.
Specific variations in pressure at Bali and Lombok can be traced back to wind events in the central Indian Ocean (Fig. 7 ). Bursts of positive sea level can be seen at both Lombok and Bali in May 1996, November 1996, May/June 1997, May/June 1998, and November of 1998. Consistent with the phase speed of first-mode Kelvin waves, these waves were generated by westerly winds approximately 21 days earlier in the central equatorial Indian Ocean during the monsoon transitions (Fig.  3) , and they are also coincident with reversals in the surface pressure gradient at Lombok Strait. Occasionally there are short-term variations in local winds during these events, but they are small compared to those in the equatorial Indian Ocean. In 1996 the May down-
FIG. 6. Correlation (r) between ECMWF zonal wind stress and observed pressure variations at Bali (left panels) and Lombok (right panels) at three different lags. The upper panels are correlations at zero lag, the center panels are for pressure lagging wind stress by 24 days, and the lower panels are for pressure lagging wind stress by 120 days.
welling event is small compared with 1997 and 1998, as the local wind stress was upwelling favorable. In 1997 and 1998 the upwelling favorable winds occur a few weeks later. There is also a reduction in the bottom pressure at Bali just prior to the arrival of downwelling Kelvin waves in March of 1996, March/April 1997, and March/April 1998 (Fig. 7) . To some extent, local winds account for this, with easterly, upwelling favorable winds in March/April (Fig. 7) . Since there is no associated pressure reduction on the Lombok side, however, these could also be indicative of an increase in the Pacific to Indian Ocean geostrophic flow, forced on the Pacific Ocean side of the throughflow, or as response to local, upwelling-favorable winds. Finally, the October/November Kelvin wave is typically weaker than the April/May wave, perhaps due to the deeper Indian Ocean thermocline later in the year (Han et al. 1999 ). In addition, the local alongshore winds south of Java are upwelling favorable through December (Fig. 7) , which probably also accounts for the reduced downwelling signal from the November Kelvin waves. In November 1997 a downwelling wave was not generated due to prolonged easterlies that existed in the equatorial Indian Ocean during the later half of 1997 (Yu and Rienecker 1999; Webster et al. 1999 ). In fact, these easterlies produce upwelling Kelvin waves that may have acted to reduce the throughflow in late 1997.
In late 1998 and early 1999, the alongshore winds off Java are westerly and downwelling favorable, leading to increased positive pressure variations. Local and Indian Ocean winds are not sufficient to account for the magnitude, and a Pacific influence is likely.
Westerly winds associated with the MJO generated in the central Indian Ocean also cause downwelling, and these are evident as positive pressure variations at the Bali site in December, January, and February.
b. Ombai Strait
Ombai Strait lies between Alor and Timor islands. The pressure gauges were located at 8.4ЊS (North Ombai) and 8.7ЊS (South Ombai) at 125.1ЊE. The gauge at South Ombai was not recovered in 1999, so the joint difference record spans December 1995-March 1998 (Fig. 4) . Like the Lombok Strait, pressure measured at the two sides of Ombai Strait are highly correlated (r ϭ 0.9), but in Ombai Strait the pressure difference between the two gauges is not correlated to either gauge. This may be due to the coastline geometry at Ombai.
Observed pressure variations (in db) are plotted as shading. The upper panel is for the Bali gauge, the center panel is for Lombok, and the lower panel is the cross-strait pressure difference. Mean winds (in N m Ϫ2 ) at three locations are also shown: mean zonal wind stress in the central Indian Ocean (3ЊS to 3ЊN, 60Њ to 80ЊE) with the dashed lined, alongshore mean along the west coast of Sumatra with the thin solid line, and zonal mean along the south shore of Java with the heavy line. In each case the wind is plotted such that downwelling favorable winds are positive (i.e., eastward in the central Indian Ocean and along the Java coast, and southeastward along the Sumatra coast). As described in the text, the central Indian Ocean winds are lagged by 24 days, and the Sumatra winds are lagged by 9 days.
At Lombok, coastal waves encounter Bali first then Lombok while at Ombai the orientation of the coast and the southern boundary of Timor Island cause sea level to be similar at both sides of Ombai simultaneously.
The propagation of coastal waves is also evident in the high correlation of sea level variability at Bali and both sides of the Ombai Strait (r ϭ 0.86 between Bali pressure and Ombai Strait pressure five days later). The two straits are separated by 1034 km. Assuming the pressure signal at Bali propagates to Ombai as a first mode coastal Kelvin wave (c ϭ 2.8 m s Ϫ1 ), it would take about 4.3 days for the signal to reach Ombai. At Ombai there are extended periods of lower sea level in June-October 1996 and June 1997 through February 1998 (when the record ends) and three episodes of positive sea level in December 1996, January 1997, and March 1997. The Kelvin wave signals driven by monsoon changes observed at Bali in April/May are also apparent at the Ombai gauges in 1996 and 1997. Again, in Ombai Strait the downwelling events associated with the November Kelvin waves are less apparent.
c. Timor Passage
The southernmost outflow strait is Timor Passage. The northern gauge was located offshore of the island of Roti, off the southern tip of Timor. The southern gauge was at Ashmore Reef, on the northwest Australian shelf. The channel between the two reaches about 1700 m deep, and is the pathway for wave energy to reach the Indian Ocean from the Pacific and Indonesian seas (Potemra 1999) . Analysis at Timor Passage is hampered by missing data from late 1996 through early 1997 at the Ashmore Reef and, since the gauge was not recovered in 1999, the record ends in late 1998.
The coastal waves evident at the Ombai and Lombok Straits are much diminished at Timor Passage. As discussed previously, the gaps between the islands are suf-
FIG. 8. Correlation (r) between ECMWF zonal wind stress and observed pressure variations at
Roti at three different lags. The upper panel is correlation at zero lag, the center panel is for pressure lagging wind stress by 24 days, and the lower panel is for pressure lagging wind stress by 120 days.
ficiently small so that Kelvin wave energy can propagate along the southern arc of Nusa Tengarra. Indeed, pressure at Bali, North Ombai, South Ombai, and Roti are all well correlated (r ϭ 0.75 with an 8-day lag between Bali and Roti). The gap between Roti and Ashmore, however, is 136 km, larger than the first mode Rossby radius (130 km). Consequently the pressure signal at Ashmore is not significantly correlated to the pressure at any of the other sites, suggestive of a different primary forcing mechanism [e.g., remotely generated coastal Kelvin waves from the Pacific (Potemra 1999] . Figure 8 shows the correlation of ECMWF zonal wind stress to the observed pressure records at Timor Passage. The Roti record shows an agreement to winds on both the Pacific and Indian Ocean sides. Similar to the Lombok correlations (Fig. 6) there is a patch of high correlation in the equatorial Indian Ocean although it is over a much broader region. Unlike the Lombok Strait, however, the correlations at Roti are negatively correlated to winds in the equatorial Pacific Ocean at all lags. This is perhaps indicative of larger-scale wind variations simultaneously over the Pacific and Indian Ocean affecting Roti, while at Lombok more local (e.g., MJOtype) winds are responsible. Significant correlations of winds with Ashmore pressure (not shown) are limited by the shorter time series, but Potemra (2001) showed how low-frequency changes in sea level along the northwest Australian shelf (using a series of tide gauges) were not correlated to local forcing but were due to remove waves generated in the equatorial Pacific.
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Observations and model analysis
Results from a numerical model are used to assist in the analysis of the observed pressure data. One difficulty in modeling the throughflow is that it requires a largescale domain (one that includes Pacific and Indian basins) and at the same time high horizontal resolution in the Indonesian region to resolve the narrow straits. The Parallel Ocean Climate Model (POCM) (Semtner and Chervin 1992 ) is a global model with relatively high vertical resolution (20 levels), but with an average of 2 ⁄ Њ horizontal resolution it does not accurately resolve a few key straits, for example, Lombok Strait (closed) or Torres Strait (too wide). Analysis of the POCM results does however show that flow through the outflow straits occurs mainly in two layers (more than 95% of the variance from EOF analysis). This is in agreement with recent in situ current meter measurements at Ombai Strait (Molcard et al. 2001 ) and at Timor Passage (Molcard et al. 1996) . ADCP transects taken during the present SPGA program also indicate a two vertical mode structure to the flow (Hautala et al. 2001) .
Since the POCM does not accurately resolve the three straits measured by the SPGA, a more simple model was run with a higher horizontal resolution ( 1 ⁄Њ by 1 ⁄Њ). A 2½-layer reduced-gravity model (henceforth referred to as UHLM) similar to the model described in Potemra (1999) was run using 3-day ECMWF wind stress as the only external forcing (there are no thermodynamics in the UHLM). The two-mode vertical structure derived from the POCM (and the few in situ observations) was used to determine the initial vertical structure of the UHLM; the initial layer thicknesses were chosen to be 100 m for the upper layer and 400 m for the second layer. The model was integrated from rest for 20 years The model does accurately reproduce the observed sea level variations. Figure 9 shows a comparison of model sea level variations with those based on the observed pressure variations (converted to sea level by Ј ϭ Ј/ g). In the layer parameterization of the model, sea level variations are approximated by (gЈ/g)hЈ, where gЈ is the reduced gravity and hЈ is the upper-layer thickness with the long-term mean removed. This assumes that sea level variations are linked to thermocline variations, and bathymetric effects are necessarily neglected.
The UHLM resolves the Lombok Strait at its most narrow point with two grid points. The resulting model sea level is well correlated to the observed sea level variations at Bali and Lombok (r ϭ 0.80 and 0.67, respectively; see Fig. 9 ) even though the UHLM does not include any thermodynamic effects nor have depth-dependent bathymetry. Nonetheless, the good agreement between UHLM and observed sea level is remarkable.
The model also does well in simulating observed sea level at Ombai Strait and Timor Passage (Fig. 9) . The correlation of UHLM sea level to observed sea level is 0.90 for North Ombai, 0.89 for South Ombai, 0.84 for Roti, 0.77 for the first half-record at Ashmore, and 0.86 for the second-half record at Ashmore.
The UHLM results were first used to put the SPGA period into a longer-term perspective. Figure 10 shows the UHLM results and the power spectral density of the 15-yr records. The long-term spectra (of 3-day model output) show less power in the higher frequencies (periods less than semiannual) than in the 3-yr spectra (see Fig. 5 ). Consistent with the hypothesis outlined earlier, sea level at Timor Passage has more low frequency energy (stronger Pacific influence) than Lombok and Ombai Straits, which have more annual and semiannual VOLUME 32
energy (Indian Ocean influence). There is also more annual and semiannual energy in sea level on the western and northern sides of the straits (Bali, North Ombai, Roti) than the eastern and southern sides (Lombok, South Ombai, Ashmore).
The model sea level variations (3-day) were low-pass filtered with a 1-yr running mean to highlight the lowfrequency variations (Fig. 10) . In all three straits, large amplitude fluctuations (10 cm) occur during the SPGA period . Prior to this period, low frequency variations are reduced. In the model, therefore, interannual variations during the late 1990s are two to three times larger than during the years prior.
Finally, the UHLM results were used to estimate transport variations from the observed sea level variations. The approach taken was to find a relationship between sea level variability (at each side of a strait) and through-strait transport using the model sea level and transport fields. This relationship was then applied to the observed sea level variations. This assumes that the relationship of sea level to transport is accurate in the model.
Surface to depth (z 0 ) integrated transport variations, , are given by
where Ј(x, z) represents velocity variations in the strait bounded by x 1 and x 2 . Velocity variations averaged across the strait [strait width at depth z given by L(z)], Ј(z), are defined by
Using a change in mean cross-strait velocity with depth of (z), where (z) ϭ 1 at the surface (z ϭ 0), Eq. (1) can be rewritten using Eq. (2):
where ⌬x is the distance across the strait [i.e., L(0)]. Assuming a linear relationship between sea level variations at the two sides of a strait, , and surface ve-Ј 1,2 locity variations (averaged across the strait), Ј(0), of the form Ј(0) ϭ c 1 ϩ c 2 , Eq. (3) may be rewritten as
The variations in transport through the strait are therefore given as a function of sea level variations at either side of the strait
To demonstrate with an example, Eq. (5) can be rewritten for the case of flow in the strait that is in geostrophic balance:
The first term represents changes in transport due to changes in sea level at only one side of the strait (e.g., from large-scale coastal waves) and the second term is equivalent to a cross-strait geostrophic balance; that is, g (Ј Ϫ Ј) gz
In this case, ␣ 2 can be compared to g z 0 / f . At this point, there has been no assumption about the change in velocity with depth. The few observations of the depth-dependent flow (e.g., Molcard et al. 1996 Molcard et al. , 2001 Hautala et al. 2001) , as well as model results indicate an exponential decay of velocity with depth. The relationship derived above can be applied to an example of exponential decay of velocity with depth by setting (z) ϭ e Ϫz . In this case, Eq. (6) becomes
To determine the constants ␣ 1,2 , sea level from the model (at each side of a particular strait) was regressed to transport through the strait (also from the model). Regressing sea level at each side (not the sea level difference) provides an additional check on the geostrophic approximation. This calculation was done for each of the three straits as described below.
a. Lombok Strait
To examine the relationship of sea level to throughstrait transport in the model, a linear regression was used to best fit the UHLM sea level variations at Bali and Lombok (separately) to the model upper-layer transport variations (the upper 100 m, approximately):
where is the variation in transport (in Sv) inte-VЈ layer1 grated over the model upper layer and Ј are the variations in sea level (in m) at each side of the strait (Bali: BAL, Lombok: LOM) weighted by ␣ 1 and ␣ 2 . For the 3-yr period coinciding with the observations, ␣ 1 ϭ 10.7 and ␣ 2 ϭ Ϫ13.2. The magnitude of the two coefficients are nearly equal, suggesting that flow is consistent with a cross-strait geostrophic balance (the narrow gap, 36 km, at Lombok Strait is much smaller than the first mode Rossby radius of 130 km, so it is unlikely that Kelvin waves will affect only one side of the strait). Equation (10) gives an estimate of transport variations that is well correlated (r ϭ 0.79) to depth-integrated model transport variations through Lombok Strait. For the entire UHLM integration , the coefficients ␣ 1 ϭ 10.8 and ␣ 2 ϭ Ϫ14.1 are similar to those found for the SPGA period, and the correlation of transport given by Eq. (10) to depth-integrated transport increases slightly to 0.85. The depth-integrated UHLM transport variations are not well correlated to sea level at Bali (0.58) or Lombok (0.20), contrary to the hypothesis that transport through the strait can be determined from sea level variations at only one side.
Equation (10), with ␣ 1,2 obtained from the UHLM over the SPGA time period, and observed sea level variations from the SPGA array were used to estimate upper ocean transport and the result compared to the estimate based on model sea level (Fig. 11) . The low frequency trends are in good agreement, with larger than normal transport towards the Indian Ocean during May-October. The model has some higher frequency variations that are driven by sea level on the Bali side ( Fig. 9 ; e.g. in mid-1996) that are not in the observations. In general the model transport variations are larger in magnitude than what is inferred from the observations, probably due to the finite resolution of the model. In the model the Bali and Lombok sites are only separated by three grid points. Sea level is therefore highly correlated between the two in the model results, and the difference in sea level between the two sides of the channel is lower than the observations. The coefficients in Eq. (1), then, are probably too large. The important point, however, is that the two coefficients (for Bali and Lombok) are nearly the same, indicating that geostrophy holds for the strait.
The change in velocity with depth can be inferred from Eq. (10), given that transport variations are approximately equal to a constant times variations in cross-strait sea level difference. At Lombok Strait the constant is approximately 11.0 Sv m Ϫ1 . If an exponential decay of velocity with depth is assumed, for example, Eq. (9) can be solved for the decay constant . For Lombok Strait is approximately 0.04 m Ϫ1 . This represents a velocity at 100 m that is about 3% of the surface value. The observed ADCP velocity at Lombok was found to decay to zero at about 200 m in March 1997 and 1998 (Hautala et al. 2001) . In December 1995, when the model flow is to the north (see Fig. 9 ), the tidally corrected ADCP velocity observations also found northward flow from the surface to 300 m, ranging from 60 cm s Ϫ1 near the surface to 20 cm s Ϫ1 at 200 m (Hautala et al. 2001) .
b. Ombai Strait
The UHLM sea level variations were fit to the model integrated transport at Ombai Strait similar to the procedure described for the Lombok Strait:
In the case of the Ombai Strait, the best fit of UHLM sea level variations to UHLM upper layer transport variations occurs for ␣ 1 ϭ 27.9 and ␣ 2 ϭ Ϫ29.0. This parameterization of transport has a correlation of 0.90 to the transport directly integrated from the model results. The application of Eq. (11) to the observed sea level variations is given in Fig. 11 . The best fit of Eq. (11) using the entire model integration time period from 1985 to 1999 gives similar coefficients, ␣ 1 ϭ 24.9 and ␣ 2 ϭ Ϫ25.9, and the correlation of estimated to direct transport increases slightly to 0.93. For both the entire 15-yr model run and over the 3-yr period of observations, the relationship of model sea level difference across Ombai Strait to transport through the strait is nearly a linear constant. Unlike Lombok Strait, the constant in this case is about 30 Sv m Ϫ1 . Using Eq. (9) as described above (assuming an exponential decay of velocity with depth), this gives a decay factor () of 0.01 m Ϫ1 at Ombai Strait. This implies that velocity decays to zero slower (at a deeper depth) at Ombai Strait than at Lombok Strait. For ϭ 0.01, the velocity at 100 m is about 35% of its surface value assuming an exponential decay with depth. At Lombok, the surface velocity was 3% of its surface value at 100 m, while at Ombai Strait surface velocity does not decay to 3% of its surface value until about 400 m.
It is difficult to verify that the decay of velocity with depth is slower at Ombai than at Lombok. However the observations of (Molcard et al. 2001) show flow in Ombai Strait to decay to 5% of the surface value at about 1200 m. Individual ADCP records, taken across the straits (as part of the SPGA program) are not conclusive, but are consistent; Hautala et al. (2001) show there is still significant flow toward the Indian Ocean at 250 m. The mean vertical profile of velocity at Ombai Strait in the POCM does show an agreement with the UHLM estimate at decays to zero at about 400 m.
c. Timor Passage
A linear regression of sea level variations at either side of Timor Passage was made to transport through the passage:
For the UHLM results over the observation period (in this case just the second half of the Ashmore record), ␣ 1 ϭ 30.2 and ␣ 2 ϭ Ϫ33.6. Again, the close magnitude of the two coefficients suggests that the geostrophic relationship holds.
In the UHLM case, the sea level based approximation of transport has a correlation of 0.92 to transport (over the 3-yr model record). For the entire model record (15 years), ␣ 1 ϭ 35.9 and ␣ 2 ϭ Ϫ39.7, and the correlation to integrated transport is 0.96. Application of the model derived transport estimate [Eq. (12) ] to the observed pressure signal is shown in Fig. 11 . 
Discussion
The SGPA measurements of bottom pressure provide a relatively long term, high frequency record of variability at the straits connecting the Indonesian seas to the Indian Ocean. One striking feature of the dataset is the intraseasonal variability at the outflow passages surveyed that is most dominant in the west (Lombok Strait) and decreases to the east (Timor Passage). This variability appears to be forced on the Indian Ocean side of archipelago in response to MJO wind activity. It is speculated that low-frequency pressure variations (at periods longer than 6 months), mainly on the eastern side of Lombok Strait (at Lombok), respond more to Pacific forcing and high frequency variations, mainly on the western side (at Bali), respond to Indian Ocean forcing.
There are also differences in observed temperature and salinity variations at the two sides of Lombok Strait (not presented here) leading to the possibility that the forcing mechanisms described above could lead to varying flow at two different levels. Generally speaking, higher sea level on the Lombok side is indicative of higher southward through-strait geostrophic transport and is accompanied by warmer, fresher water in the strait. Higher sea level on the Bali side, indicative of lower southward through-strait geostrophic transport, is accompanied by higher temperatures and at most times is unrelated to salinity. Analysis of the SPGA temperature and salinity data will be presented in a future work.
It also seems that wind forcing in the Indian Ocean is responsible for high-frequency sea level variability at Ombai Strait and to a lesser degree at the northern side of Timor Passage (at Roti). A combination of coastal Kelvin waves forced by equatorial Indian Ocean winds, MJO activity, and local alongshore winds account for much of the variation in pressure at Lombok Strait but less so at the more eastern Ombai Strait, which has more
of a Pacific influence. The southernmost strait, Timor Passage, seems primarily controlled by Pacific wind variability. Pacific-forced variability at Ombai Strait is apparent in a higher vertical mode. Model variations seem to confirm this, but more detailed model experiments are needed to specifically address these hypotheses.
The longer-term, high resolution UHLM results show that the observational period of 1996 through mid-1999 is a time of increased interannual and intraseasonal variability and reduced seasonal cycle. The observations and model results are dominated by intraseasonal variability during this period. For example, 50% of the variance in transport through Timor Passage from the 20-yr POCM results is in intraseasonal variations, 48% in the seasonal cycle (annual and semiannual harmonic) and the remainder in lower frequencies. Whereas in 1995-98 (SPGA period), 50% of the total variance is again in intraseasonal variability, but only 30% is in the seasonal cycle and 20% in low frequency variations. In the POCM Ombai Strait there is not much change in the distribution of variance during the different time periods, possibly due to the relatively larger contribution of low frequency Pacific forcing. The possibility of changes in through-strait transport during ENSO years, specifically a change in the ratio of transport carried in each strait remains to be determined. Similar questions remain for the inflow straits on northern side of the Indonesian seas, where POCM results (not shown here) indicate the throughflow is split between Makassar Strait and flow to the east of Sulawesi (approximately 4 Sv and 3 Sv, respectively).
The high resolution, reduced gravity model (UHLM) was also used to derive a relationship between sea level and depth-integrated transport. At each of the three straits, the best fit of sea level at either side of the strait to transport through the strait occurs when a constant is multiplied by the sea level difference across the strait, consistent with the geostrophic approximation.
Sea level on the two sides of each strait is correlated, suggesting variations from one side could be used to estimate transport as in Murray and Arief (1988) . The highest correlation of sea level on two sides of a strait occurs at Ombai: 0.90 between North Ombai and South Ombai. In the UHLM, transport based on one side of the strait has a correlation of only 0.47 to model transport, while using the cross-strait pressure difference yields a estimate with a correlation of 0.93 to the integrated model transport. It is true, however, that at most times a high cross-strait pressure difference occurs when pressure on both sides is high (see Fig. 4 ).
The detailed investigation of observed pressure variations, in conjunction with numerical models may shed some light for any planned observational work in the region. It seems clear from the models (and past in situ work) that the vertical structure of the flow in the straits is complex, and it would be of great benefit to have in situ measurements of flow in at least four depth ranges, including near surface, 100 m, 200 m, and below 400 m, to capture the two modes derived from the model results. If these observations confirm the model results, then long term monitoring of transport could be done using just sea level, or even wind stress, if the link between winds and sea level can be determined more accurately. In addition, a large part of the variations of sea level and therefore transport seems to occur in short, 10 to 50 day bursts. Future monitoring would need to include measurements at these higher frequencies.
